Here, we evaluate an alternative approach of preconditioning pancreatic islets before transplantation using a potent agonist of growth-hormone-releasing hormone (GHRH) to promote islet viability and function, and we explore the adrenal gland as an alternative transplantation site for islet engraftment. The endocrine microenvironment of the adrenal represents a promising niche with the unique advantages of exceptional high oxygen tension and local antiinflammatory and immunosuppressive properties. GHRH agonists have been shown to promote islet graft survival and function, which may help to reduce the islet mass necessary to reverse diabetes. In the present study, the most potent GHRH agonist MR403 was tested on insulinoma cells, isolated rat islets, and adrenal β-cell cocultures in vitro. GHRH receptor is expressed on both adrenal cells and islets. MR403 caused a significant increase in cell viability and proliferation and revealed an antiapoptotic effect on insulinoma cells. Viability of rat islets was increased after treatment with the agonist and in coculture with adrenal cells. Rat islets were transplanted into diabetic mice to the intraadrenal transplant site and compared with the classical transplants underneath the kidney capsule. Graft function and integration were tested by metabolic follow-up and immunohistochemical staining of intraadrenal grafts. A rapid decrease occurred in blood glucose levels in both models, and all animals reached normoglycemia within the first days after transplantation. Our studies demonstrated that the adrenal may be an attractive site for islet transplantation and that GHRH analogs might allow reduction of the islet mass needed to reverse a diabetic status.
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β-cell replacement | regenerative therapy | type 1 diabetes mellitus D espite steady improvement in insulin formulations and technically controlled application methods, complete normalization of metabolic control and prevention of blood glucose excursions are achieved only rarely in patients with diabetes mellitus. Patients with insufficient glucose control are at risk for the development of micro-and macrovascular complications (1, 2) . Therefore, pursuit of alternative treatment options and the potential for recapitulating endogenous insulin production remain a major research focus. One such potential approach is the transplantation of pancreatic islets for the treatment of type 1 diabetes mellitus. Significant progress has been made over the past decade with the introduction of improved immunosuppressive protocols and with isolation of high-quality human islets for clinical transplantation (3) (4) (5) . Along with this progress, longterm clinical results have been improved significantly, and clear evidence has been shown for the superiority of islet transplantation over insulin therapy in regard to glycemic control and the development of diabetes-associated complications (6) .
However, the requirement for chronic immunosuppression and the progressive loss of islet function after their intraportal infusion are major burdens that restrict this treatment option to the most critically endangered and advanced patients with type 1 diabetes (7). One major limitation of advancements in islet transplantation is the partial or total loss of the islet graft within a few days or weeks after its implantation (8) . This high rate of nonfunction or early dysfunction has been attributed, in part, to poorly viable or functional islets, either damaged initially during retrieval and isolation (9, 10) or collapsed due to insufficient vascularization, continuous hypoxia, or lack of regeneration/proliferation post transplantation (11, 12) . Currently more than 90% of clinical islet transplantations are performed by infusion into the portal vein with subsequent embolization to the liver. Although the liver site has been extremely well characterized, it remains suboptimal as up to 60% of islets transplanted there die shortly after transplantation (13) . A major reason for this massive islet loss is that the hepatic parenchymal oxygen tension is well below that of the pancreas (12) . In addition, the frequent changes in blood glucose levels and high glucose concentrations are known to be deleterious to the islets. Therefore, many studies have pursued alternative sites with a more adequate microenvironment for pancreatic islet transplantation, such as organs (renal subcapsule, omentum, peritoneum, subcutaneous site, muscle) (14-16), various vascular sites (celiac artery, vein, spleen, lung) (17, 18) , immunoprivileged sites (testis, thymus) (19, 20) , or devices and capsules (21) (22) (23) (24) (25) . These may optimize engraftment, survival, and function as well as decrease immunogenicity and promote proliferation and regeneration.
The retrieval process itself causes significant ischemic and mechanical injury, rendering islets more susceptible to posttransplant stress (26) (27) (28) . The islets are deprived of their vascular supply and microenvironment. However, to be metabolically active, the islets require access to oxygen, nutrients, and other metabolites at a physiological pH and with exclusion of toxic metabolites and oxidative stress (26, 28, 29) . As in the early posttransplant setting, revascularization of transplanted islets has not yet occurred, and the islets are supplied with oxygen by diffusion only; close proximity to a proper vascular system is therefore essential (12, 30) . Ideally, islets should be transplanted into a site with high oxygen tension.
As an endocrine tissue, pancreatic islets require additional environmental factors for physiologically sensing and responding to glucose. They require access to representative blood glucose levels, and their product, insulin, must be released through an appropriate vascular route of delivery. From the immunological perspective, the ideal transplantation site should confer immunoprivilege by minimizing early inflammatory reactions, thus limiting β-cell apoptosis. From the surgical standpoint, an ideal transplantation site should allow easy access to minimize procedure- The authors declare no conflict of interest. 1 To whom correspondence should be addressed. E-mail: andrew.schally@va.gov. related complications and should offer the possibility of monitoring by visualization, biopsy, or differential sampling.
The adrenal gland may offer the unique features favoring its use as a transplantation site for pancreatic islets because of high oxygen tension through a dense vascularization (30) , a high endothelial cell content, and a local anti-inflammatory and immunoprotective environment (31, 32) . Furthermore, findings derived from model organisms have shown a direct relationship between the degree of hyperglycemia and adrenal cortical function and steroidogenesis (33) . Steroidogenic factor 1 (SF1), the key transcription factor of the steroid hydroxylase genes in the adrenal, is also implicated in pancreatic development. In fact, SF1 participates in the vascular and ductal development of the pancreas in zebrafish, mice, and humans (33) . Disruption of SF1 function in the fetus leads to abnormal development of the pancreatic islets due to poor vascularization. This emphasizes the close functional relationship of the two endocrine systems (34, 35) .
Despite these potentially highly beneficial characteristics of the adrenal gland as a transplant site for pancreatic islets, the adrenal morphologically allows only for transplantation of a reduced islet mass. Therefore, it is of major importance to transplant high-quality islets with optimized viability and function. Agonists of growth-hormone-releasing hormone (GHRH) (36) have been shown previously to promote islet graft survival and function (24, 37) and to improve cardiac structure and function after myocardial infarction (38, 39) . The group of one of us (A.V.S.) has now synthesized even more potent GHRH agonists such as MR403 for preconditioning isolated islets. The exposure of islet culture to MR403 improved islet quality mainly due to preservation of viability. This agonist may thus allow for a reduction in the islet mass needed to reverse diabetes and may promote integration and engraftment of an optimized islet graft in this innovative transplantation site.
The GHRH agonist MR403 was analyzed for effects on viability, proliferation, and apoptosis on insulinoma (INS-1) cells. MR403 was tested on INS-1 cells, isolated rat islets, and adrenal β-cell cocultures in vitro. Rat islets were also transplanted into diabetic mice at the classical model site beneath the kidney capsule and compared with the intraadrenal transplant site. Graft function and integration was tested by metabolic follow-up and immunohistochemical staining of intraadrenal grafts.
Results GHRH Receptor Expression. The mRNA expression for GHRH receptor in isolated rat adrenal cells was demonstrated by RT-PCR. Rat pituitary was used as positive control (Fig. 1) .
Effect of GHRH Analog MR403 on INS-1 cells. INS-1 cells were treated with the GHRH agonist MR403 at concentrations from 10 −7 to 10 −9 M for 24 h and were analyzed for viability and apoptosis. Exposure to MR403 resulted in increased viability at all concentrations used, compared with the control dimethyl sulfoxide (DMSO). A significant effect was seen at a concentration of 10 −8 M of MR403 with an improvement of 15% in viability, compared with control ( Fig. 2A) . In addition, treatment of INS-1 cells with MR403 resulted in an overall reduction of apoptosis, as assessed by decreased caspase 3/7 activity. The most effective concentrations of MR403 that provided significantly reduced apoptosis, compared with control, were 10 −8 and 10 −9 M ( induced an increase of islet viability of 31%, compared with control. When cocultured with adrenal cells alone, islets considerably improved in viability; however, a significant improvement occurred when the GHRH agonist MR403 was added to the coculture. With this combination, islet viability improved by 55 ± 23%, compared with control (P < 0.01; Fig. 3 ).
Immunohistochemical Analysis of Intraadrenal Islet Grafts. Morphologic analysis of the retrieved islet containing adrenal glands showed nearly intact adrenal cell composition with islet clusters integrated mostly in the cortex. No leukocyte infiltration, hemorrhage, signs of necrosis, or apoptotic cells were observed. Immunostaining of insulin revealed intense cytosolic staining and intact islet morphology indicating graft viability (Fig. 4) .
In Vivo Function of Intraadrenal Islet Grafts. Non-obese diabeticsevere combined immunodeficiency (NOD-SCID) mice were used as islet recipients, and diabetes was induced by a single i.p. injection of streptozotocin (STZ). The procedure of islet transplantation into the adrenal was technically feasible and did not cause any significant bleeding or macroscopically apparent injury of the adrenal tissue (Fig. 5A) . During the procedure, the animals did not show any circulatory disturbance due to adrenal manipulation. All animals showed a rapid decrease in blood glucose levels and reached normoglycemia within a few days after transplantation (Fig. 5B) without any difference between the adrenal transplantation site (n = 4) compared with the standard kidney capsule transplantation model (n = 4). After removing the islet grafts by unilateral nephrectomy or adrenalectomy, respectively, the animals showed an immediate recurrence of hyperglycemia. On day 10 post transplantation, an i.p. glucose tolerance test (ipGTT) was performed with 3 g/kg body weight of D-glucose. All animals showed a swift increase in blood glucose followed by a rapid normalization to reach target blood glucose levels after 2 h (Fig. 5C) . The intraadrenally transplanted animals were not inferior to the standard model regarding blood glucose kinetics.
Discussion
The transplantation of pancreatic islets has become an established treatment option for patients with unstable glycemic control, repeated hypoglycemia, and exhausted insulin therapy. RT-PCR analysis of GHRH-R in isolated rat adrenal cells. Rat pituitary was used as positive control, water was used as negative control, and β-actin was used as loading control.
In addition to the risk associated with this procedure, compared with whole-pancreas transplantation, the efficacy of islet transplantation has evolved into a nearly equivalent alternative due to improved cell harvest techniques and immunosuppressive regimens (4). However, progressive loss of intraportally transplanted islets, mainly due to chronic hypoxia, an adverse cytokine/chemokine environment, and local inflammatory activity, are critical issues for maintenance of chronic long-term graft survival and function (13, 26, 27) . Therefore, strategies to robustly condition pancreatic islets and identify a more appropriate transplantation site are of particular interest for the further advancement of clinical islet transplantation.
The idea of the adrenal serving as a niche for pancreatic islets is derived from (i) the fact that both the adrenals and the pancreas are endocrine tissues with a similar microenvironment; (ii) the unique feature of extensive vascularization of the adrenal gland, which reduces hypoxic stress; (iii) the hypothesis of antiapoptotic and proproliferative effects of various signaling molecules within the adrenal; and (iv) the unique advantage of a local anti-inflammatory and immunosuppressive microenvironment. In addition, to promote islet quality before transplantation and improve β-cell survival, in the present study the islets were pretreated with a synthetic GHRH agonist that has been proven highly beneficial for improvement of β-cell engraftment and metabolic function after transplantation (37) . This combined approach may allow reduction of the islet mass that is currently needed to reverse diabetes, may improve islet graft function by enhancing engraftment, and may minimize islet loss in the early transplant phase by improved vascularization and microenvironmental factors.
The adrenal gland receives 10 times the amount of perfusion than would be suggested by the size of the organ. Each adrenal cell is in direct contact with an endothelial cell. This intimate interaction between endothelial cells and adrenal cells provides crucial trophic signals for cortical cells as well as neuroendocrine chromaffin cells (40) . The highly vascularized tissue provides an ideal niche to study β-cell-endothelial cell interactions. Furthermore, this crosstalk between β-cell and endothelial cell can be ideally studied under growth hormone and GHRH stimulation, known to be critical for the trophic effect of adrenal vasculature and β-cell survival. These unique properties make the adrenal gland a suitable transplant site for pancreatic islets. The showed maximum effect on all tested parameters at a concentration of 10 −8 M. **P < 0.01; *P < 0.05. Fig. 3 . In vitro effect of the GHRH agonist MR403 on islet viability on islets alone and on islets within the islet-adrenal coculture system (n = 4). Islets were cultured either alone or in coculture with adrenal cells and treated with MR403 (10 −8 M) for 24 h. Addition of GHRH agonist alone to islets resulted in an increase of viability, and a significant improvement (56% compared with control) was seen in coculture condition and addition of the GHRH agonist. **P < 0.01 compared with islets alone.
islet transplantation model presented here is based on a concept that was previously developed in the mouse for analysis of the growth and development of different endocrine cells in the natural environment of this organ (41) . Our studies have demonstrated that intraadrenal islet transplantation is a technically feasible and functionally promising approach to restore normoglycemia in a diabetic mouse model. Further experiments will need to focus on revascularization. More over, a more detailed future study of adrenal cell-islet cell interaction under the influence of GHRH is required.
We have shown that GHRH receptors are expressed on rat and human islets (37) as well as in the rat adrenal. Although pretreatment of the pancreatic islet with the GHRH analog MR403 resulted in improved viability, this effect was even more pronounced when the GHRH analog was administered in islet cell-adrenal cell coculture systems. There is an established functional interaction of the GHRH-GH-insulin-like growth factor 1 (IGF1) axis with both islets and adrenal cells that may represent the common denominator for this finding. GHRH peptides, growth hormone, and IGF are thus crucial factors in providing a trophic stimulus on the adrenal cortex and are potent regulators of steroid metabolism both in the adrenal and in the periphery, including islets (42) .
These growth factors have been implicated in early formation and development of the adrenal and may be involved in maintaining appropriate adrenal function in the early adrenocorticotrophic hormone (ACTH)-independent phase. Thus, GHRH-receptor agonists may have the potential not only to improve islet function, but also to promote engraftment and integration of islets in the adrenal microenvironment.
The present study on intraadrenal islet transplantation in combination with preconditioning of islet graft with a potent GHRHreceptor agonist links the increasing insights into adrenal nature, endocrine cell interactions, and unique adrenal propensities for a strategy on islet transplantation. The combination of the intraadrenal transplantation approach with administration of GHRHreceptor agonist suggests a unique association of distinct endocrine cell systems under one organ capsule.
Materials and Methods
Peptide Analog Preparation. GHRH analog MR403 was synthesized in the laboratory of A.V.S. and used at concentrations of 10 −7 -10 −9 M. The analogs were dissolved in DMSO and diluted with medium. The final concentration of DMSO was 0.1% (vol/vol).
INS-1 Cell Line. Rat insulinoma cells (INS-1) were cultured in RPMI Medium 1640
(PAA cell culture company) containing 2 mM L-glutamine, 10% (vol/vol) FBS, 1 mM Na-pyruvate, 50 μM 2-mercaptoethanol, and 100 U/mL penicillin/ streptomycin (Gibco) at 37°C in a 5% (vol/vol) CO 2 humidified incubator. Medium was exchanged every second day, and cells were passaged once per week. Rat Islet Isolation and Culture. Pancreatic islets were isolated from female Wistar rats as described previously (37) and according to guidelines established by the University of Dresden Institutional Animal Care and Use Committee. Briefly, animals were anesthetized by 3% (vol/vol) isoflurane, and digestion solution (Collagenase V; Sigma-Aldrich) was injected via the pancreatic duct. Islets were isolated by discontinuous Ficoll gradient centrifugation (Sigma-Aldrich). Isolated islets were cultured in RPMI 1640 (PAA) supplemented with 10% (vol/vol) FBS at 37°C in a 5% (vol/vol) CO 2 atmosphere before further experimentation. Yield and purity of islets were determined by microscopic sizing after staining with dithizone (Sigma-Aldrich) as previously described (37) . In Vivo Islet Functional Assessment. NOD-SCID mice were used as islet recipients following guidelines established by the University of Dresden Institutional Animal Care and Use Committee. Diabetes was induced by a single i.p. injection of 180 mg/ kg STZ (Sigma). Serum glucose was monitored using a commercial glucometer (AccuChek Aviva; Roche). Animals were considered diabetic if nonfasting blood glucose was >25 mmol/L (450 mg/dL) for at least 2 consecutive days. For transplantation, isolated rat islets were cultured for 48 h, and samples of 300 islet equivalents were transplanted underneath the left kidney capsule (n = 4) or into the adrenal gland (n = 4). For intraadrenal transplantation, the left adrenal was exposed, and the islets concentrated in a total volume of 10 μL were injected directly into the adrenal using a microtiter syringe and a blunted needle (Fig.  5A ). Blood glucose levels were measured daily throughout the observation period of 35 d. On day 10, an ipGTT was performed to challenge the islet grafts. Blood glucose levels were recorded before injection and 15, 30, 45, 60, 90, and 120 min following glucose injection (3 g/kg). The restoration and maintenance of normoglycemia due to islet graft function was verified by removal of the graftbearing organ on day 30. Animals were then metabolically followed for another 5 d before euthanasia. The animal experiments and housing were in accordance with University of Dresden Institutional Animal Care and Use Committee.
Fluorescent Immunohistochemistry of Transplanted Organs. The graft-bearing kidneys and adrenals were explanted on day 30 after transplantation and fixed with 4% (vol/vol) paraformaldehyde for 10 h, stored in 30% (vol/vol) sucrose for 24 h, embedded in tissue-freezing medium, and frozen at −80°C. Immunohistochemical staining was performed on 10-μm cryosections. As primary antibody, guinea pig anti-insulin at 1:100 (polyclonal, ab7842; Abcam) was used. After washing in PBS with 0.5% (vol/vol) Tween, goat anti-guinea pig (Alexa Fluor488, code 106-545-003; Jackson Laboratories) at a concentration of 1:500 was applied as secondary antibody. Immunofluorescence microscopy was performed on Zeiss Axiovert 200M with AxioCamMRc5. Fig. 4 . Islet transplantation into the adrenal gland. Serial cryosections of retrieved islet-bearing adrenals were stained for insulin (green) to detect pancreatic islets within the adrenal tissue. Sections were costained with DAPI for visualization of cell nuclei (blue). Representative images are shown by bright field (Left) and fluorescent microscopy (Right).
RT-PCR. Total RNA was isolated from frozen adrenal cell pellets using the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer's instructions. For RT-PCR, 1 μg RNA from each sample was reverse-transcribed into cDNA by Moloney murine leukemia virus reverse transcriptase using oligo(dT) primers (Promega) in a final volume of 25 μL. One microliter of cDNA was amplified in a 10-μL solution containing 1.5 mM MgCl 2 , 1× PCR buffer (Invitrogen), 0.25 mM of each deoxynucleotide (Promega), 1 unit of Taq DNA Polymerase (Invitek), and 0.5 μM of each of the different primers. Samples were heated for 5 min at 94°C and then subjected to 15 s at 94°C, 15 s at 65°C, and 15 s at 72°C for 40 cycles and finally amplified at 72°C for 1 min. Following agarose gel electrophoresis and ethidium bromide staining, bands were visualized under UV light. Primer sequences (5′-3′) used were rat GHRH receptor (sense: 5′-ccaaaccagctttctggtggc-3′; antisense: 5′-ggcctagcactcagagg-3′) and β-actin (sense: 5′-gtgtgatggtgggtatgggtcagaa-3′; antisense: 5′-accagaggcatacagggacaacaca-3′) primers.
Statistical Analysis. In all experiments, statistical differences between experimental groups versus appropriate controls were determined using oneway analysis of variance. Data are presented as mean ± SEM. Statistical significance was tested by analysis of variance with Student t test. Differences were considered significant at values of P < 0.05. , and islets concentrated to a minimal volume were injected through the upper pole of the gland (Right). (B) All animals of both groups showed a rapid and persistent recovery from diabetes upon transplantation. Retrieval of the graft-bearing kidney or adrenal gland, respectively, induced immediate recurrence of diabetes. (C) On day 10 following islet transplantation, animals were subjected to an i.p. glucose tolerance test. All animals, irrespective of the transplantation site, were able to revert initial hyperglycemia to normal ranges within 2 h.
